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THE PRODUCTICN OF POWDER-METALLURGY TUNGSTEN SHEET AND PLATE

D. J. Maykuth¥

SUMMARY,

A brief review and analyses is presented of
the tungsten sheet rolling program performed by the
Fansteel Metallurgical Corporation for the Depart-
ment of the Navy, Bureau of Naval Weapons, on Con-
tract No. NOw-60-0621-c. Emphasis is placed on
detailing the procedures which were evolved for the
production of 113 plates and sheets of various gages.
These materials are now being evaluated for physical
and mechanical properties as well as for formability
characteristics on three other current Navy programs.

DUCTION

This memorandum was preparsd by the Defense
Metals Information Center in support of the Refrac-
tory Metals Sheet Rolling Program. This program was
established by the Department of the Navy, Bureau of
Naval Weapons, to accelerate the development of
production techniques for high—quality sheet products
from the refractory metals. Since its eslablishment,
the program has been expanded into an integrated
Department of Defense program which now involves
approximately twelve contracts. These are under the
surveillance of the Materials Advisory Board Refrac-
tory Metals Sheet Rolling Panel. The individual
contracts are supported and managed by either the
Department of Navy, Bureau of Naval Weapons, or the
UsS. Air Force, Aeronautical Systems Division, Manu-
facturing Technology Laboratory.

The purpose of this memorandum is to present a
brief review, analyses, and summary of the tungsten
sheet »0lling program completed by the Fansteel
Metallurgical Corporation for the Bureau of Naval
Weapons on Contract No, NOw=60-0621-c. The memoran—
dum features a compact summary of the procedures
which wexe ultimately evolved for the production of
tungsten plate and sheet of various gages and includes
those physical=~ and mechanical-pruperty data which
were determined on this "pedigreed™ production mate-
rial'

It should be noted that no extensive property
determinations on the production material were in-
tended as a part of the Fansteel program. Rather,
a thorough evaluation of much of this material is
being pursued on three other Navy contracts. These
are identified as followss

Contract No, Contractor Contract Objectives
N600(19)=59530 Southern To determine the mechan—
Research ical and physical proper—
Institute ties of TZM molybdenum
alloy sheet and tungsten
sheet,
NOw=63=0542~¢ Super~Temp To perform a comparative
Corporation evaluation of the forma-
bility of tungsten plate
and sheet by spinning
tect niques.
NOw-63-0786~d Solar To determine and demon-
Aircraft strate the fabrication

characteristics of tung-
sten sheet.

% Research Associate, Nonferrous Metallurgy
Division, Battelle Memorial Institute

The Defense Metals Information Center presents
this information in the belief that it will be of
value to all who are interested in correlating the
fabrication history of refractory sheet metal to the
end properties which are obtained on this material.

DES ON O
Objective
To develop the material and processes for pro-
ducing high-quality tungsten or tungsten alloy sheet,
using powder metallurgy techniques.
Approach

l. Conduct literature and state~of-art survey.
2. Select candidate powders and evaluate fors

a. Powder characteristics
b. Consolidation properties
ce Workability

3. Sheet process evaluation
a. Evaluation ofs

(1) Rolling temperature

(2) Rolling reduction

23) Degree of cross rolling
4) Process heat treatments.

b. Preparation of a minimum of ten full-scale
pilot sheets, each nominally 0.060 x 18 x
48 inches.

4, Production phase

a, Initial plans¥; rolling of 3500 pounds of
sheet, each nominally 0.060 x 18 x 48 inches.

b, Modified plans; rolling ors

0.250—inch~thick plate,
0.100-inch=thick sheet,
0.060~inch=thick sheet,
0,020~inch~thick sheet,

75% cold work
90% cold work
94% cold work
98% cold work

(5) 0.020~inch-thick sheet, 89% cold work
6) 0.010-inch-thick sheet, 99% cold work
7) 0.010-inch-~thick sheet, 89% cold work

JOR S S O
Powder Evaluation

1. Provided cross evaluation betwean consolidation
and workability of the 18 different types and
blends of doped and undoped powders listed in
Table 1.

a. Undoped powder, Lots 101 and 102 x 20,
possessed the best all around combination
of consolidation and workability relative
10 the facilities used. Consequently,

Lot 102 x 20 and one similar (Lot A5467)
were used for the full-scale pilot and
production phases, respectively. Figure 1
shows the particle size distribution and
analysis of the Lot 102 x 20 material.

b. The alkali-silicate-aluminum doped powder,
Lot J-5, was the only alkali-silicate
candidate which showed any promise for
meeting sintered density requirements.

* These plans abandoned by contract modification
after completion of Step 3b, above.
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¢« The alkali-l per cent thoria lot, No, T-34,
possessed reasonable consolidation and
working properties, and displayed excellent
short-time elevated temperature strength.

de The sintering of massive alkali-doped bars
did not appear to be practical with the
furnace design used.

2. Established techniques for pressing and sintering
large-size sheet bars of the selected undoped
powder.

a, Production-size bars, measuring nominally
1 x 6 x 13 inches and weighing 55 pounds
each, were isostatically compacted under a
pressure of 35,000 psi.

b. These bars were induction~sintered in a
hydrogen atmosphere to give a density var—
iation of no more than 2 per cent with the
minimum density level at approximately 93
per cent of theoretical density. The
following sintering schedule was useds

Time to Time to
Temperature, Temperature,
hours Temperature, C hours
4 1700 1l
4 2300 9

Sheet Process Evaluations

The pre-pilot sheet process evaluations estab-
lished the desirability ofs

l. Using rolling temperatures in the interval of
1450 to 1150 C, This resulted in material with
the most uniform structure and best material
surface.

2. Avoiding in-process recrystallizaticn treatments.

a, All material recrystallized at the comple-
tion ¢of intermediate xolling subsequently
split during later rolling.

b. Highest yields and lowest bend transition
temperature were favored for sheet which
received no in-process recrystallization
treatments, (For example, see Table 2.)

3. Finishing sheet with a high degree of total
deformation. Transition temperatures decreased
with increasing total deformation after anneal-
ing. The lowest transition temperature occurred
with no in-process annealing. (See Table 2.)

4, Maintaining balanced reductions in the longitu-
dinal and transverse directions to minimize bend
anisotropy. Lowest transition temperatures oc-~
curred with a 13l ratio between cross rollinu
directions whereas the highest occurred foz
straight rolled material,

oduct

The culmination of this program was the devel-
opment of rolling practices for producing the follow=
ing quantity of production plate and sheet materials

1, 21 plates, nominally 0.250 x 14 x 18 inches

ate and Sheet Material Produced

2. 29 sheets, nominally 0,100 x 18 x 30 inches
3. 3] sheets, nominally 0,060 x 18 x 48 inches
4, 13 sheets, nominally 0,020 x 18 x 30 inches
5. 19 sheets, nominally 0.010 x 18 x 24 inches.

Tables 3-6 list the dimensions and flatness
data determined for each of the individual plates
and sheets produced. These tables also list refer-
ences to succeeding tables which detail the specific
rolling schedules used (Tables 7-11, inclusive) and
which contain property data determined on this pro-—
gram for these materials (Tables 12-Z0, inclusive).

Tables 3-6 also indicate the disposition of the
production plate and sheet generated on this program.
As shown in Tables 3-5, a limited amount of the 0,25,
0.10=-, and 0,060=inch-~thick material had not been
committed to test programs as of the date of this
report, This material is being rveserved by the
Bureau of Naval Weapons (RRMA-2) for those Go ‘ern~
ment contractors pursuing programs which will ;ield
needed data on the fabricability, or related proper-
ties, of the RMSP sheet.

LIMITATIONS OF PROGRAM
E - ! I'. 3 ! i i i ; : i

1. Sintering Furnace

a. Due to design limitations, it was not prac-
tical to sinter massive alkali-doped bars
despite the promise shown by some of these
materials in the preliminary studies. The
difficulty with sintering massive bars was
due to evolution of the wvolatile alkali
dopants which tended to plug the hydrogen
exhaust ports and also to flux the refrac-
tory furnace lining. As a consequence, the
choice of powder type for the production
phase was restricted to undoped tungston
powder,

b. Temperature limitations of the sintering
equipment (maximum permissible temperature
of 2300 C) forced a compromise in sintered
density and structure in the massive bars.
Thus, one important conclusion was that con-
sideration should be given to the goal of
attaining temperatures on the order of 2600
to 2700 C and shortiened sintering times to
achieve improved sintered rolling billets,

2. Rolling Mill

The production rolling mill used was designed
only for minimum single rollirg of thicknesses
no lighter than 0.060-inch ‘hick. This neces-
sitated the use of pack rolling techniques for
the production of the 0,020~ and 0.010~-inch-
thick sheet which, accordingly, was adjudged as
not qualifying as "extremely reliable material®.,

Program Modi fication

On completion of preparing the full-scale pilot
sheet, the program was modified to produce plate of
0.25=inch thickness and sheet of 0,020~ and 0.010=inch
thickness in addition to 0,060-inch-thick material,
Due to limitations in time and funding, it was not
possible *o optimize the fabrication procedures for
material other than the 0,060-inch=thick sheet,

t tails

Due to changes in personnel over the period of
performance on this program, some details in process
ing some of the 0,010~ and 0,020=inch=thick sheet were
not recorded and/or reported. Hence, the total his-
tory of some of these materials is uncertaine.




TABLE 1. CHARACTERISTICS OF POWDER LOTS AND BLENDS EVALUATED TABLE 2, SELECTED DATA SHOWING EFFECTS OF ROLLING VARIABLES
OR BEND DUCTILITY OF EXPER IMENTAL TUNGSTEN SHEET
Average Note: All sheet rolled to 0.060-inch thickness from
Code Lot o Pg:ticle cho:c 1 x 4 x 4-inch bars and tested after a 10-
T 2@, nsit s - -
Yo. Blend No. Type microns  ofin. ’ mincte stress-relief anneal at 1100 C
; :g-;:n-cs Undopeg 1.18 34,5 Processing Cross
-3-A Undope 7.10 0.4 Annealing Rolling
3 J-1 Alkall-silicate doped 6.00 47.8 N
3 32 Alkali-silicate-cazbon doped 5.80 52.¢ Code Thi:.kness, Thickness, Bend Transi:ion Temperature a!-‘
3 33 Alkali-silicate doped 5.60 84,2 No. inch inch Transverse Parallel
6 J-4 Alkali-silicate dsped 4,80 51.0
7 J5 Alkali-silicate-~aluminum doped 4,30 52,2
8  10WL-140-4A Undoped 4.30 49.8 1-2 0.4, 0.17  Not done 750 -
9 WI-831 Undoped 6.10 90.8 1-13 0.4, 0.17 Not done 750 -
ig 101 Undoped 3.90 59.5
SDS Undoped 3.60 6.4 - -
12 T-34 Alkali-thoria doped 4.80  60.4 1-1 0.4 Not done 600
13 67% APT-3A Undoped blend 2.60 61.2 1-2 0.4 Not done 600 -
33X ND4104
14 67% J-4 Undoped and doped blend 2.00 43,8 2-2 0.4 -
35 ND4104 0.62 425 300
15 38X 10ML-140-4A Undoped blend 2.50 54.6
25 SWML-137-C5 ncoped blen 1-5 0.4 0.27 375 220
23X APT-3A
11% NDal04 2-1 Not done 0.27 320 180
18  APT-3B Undoped 5.00 79.3
19  APT-4-12-1 Undoped 1,15 45,2
20 102 x 20 Undoped 3.65 61.7 (a) Test éirectiun relative to final rolling direction.

Pexr Cent Weight Less Than Diameter

100

yam

1 2 4 6 8 10 2

Diameter, microns

Impurity Content, Impurity wontent,

Element mtpct Element , wbpct,
0 0,026 Fe 0,001=
N 0,0005 Mg 0,001~
c 0,001 Mn 0,001~
Ag 0.001 Mo 0.010
Al 0,001~ 3 0,001~
Ca 0.001= Si 0.,005=
Cu 0.001

FIGURE 1, PARTICLE SIZE DISTRIBUTION AND CHEAICAL ANALYSIS
OF LOT 102 x 20 POWDER SELFCTED FOR FULL-SCALE
PILOT PHASE
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TABLE 3. LOG OF 0.25-INCH-THICK PRODUCTION PLATE

Table References for:
Property Evaluations on
Dimensions, inches Fabrica- Finished Sheet Sheet
Plate Thickness Flatness, tion Tensile Disposi-
No. Maximum Average Minimum Length Width per cent History Chemistry Property Hardness tion(3)

7 0.260 0.258 0.255 20 13 -- 7 -- -- -- -

98 0.263 0.260 0.257 17 14 -- 7 -- -- -- -

99 0.262  0.254 0.247 19 14 - 7 - - 20 --

‘ 100 0.263 0.260 0,257 19 13 - 7 -- - - ST
: 102 0.263 0.261 0.259 21 13 n- 7 -- -- -- -
103 0.260 0.258 0.254 18 14 -- 7 - -- 20 --

E 104 0.263 0.262 0.260 20 14 -- 7 - - - ST
: 105 0.261 0,259 0.255 20 13 -- 7 -- -- - -
3 106 0.262 0.258 0.253 20 14 -- 7 -- -- -- -
Y 107 0.263 0.257 0.247 17 13 - 7 -- -- -- --
108 0,262 0.258 0.255 21 13 - 7 - - -- ST

109 0.259 0.255 0.250 16 13 -- 7 -- -- -- --

110 0.259 0.256 0.250 10 14 -- 7 12 13 20 -

111 0.262 0.259 0.257 17 14 -- 7 -- - - ST

13 0.260 0.257 0.253 20 14 -- 7 - -- - ST

il4 0.262 0.262 0.261 20 13 - 7 -- -- - --

: 115 0.261 0.258 0.253 20 13 -- 7 - - -- ST
¥ 117 0.262 0.259 0.257 17 13 -- 7 -- -- -- --
" 119 0.263 0.257 0.254 21 13 - 7 - -~ -- Y
120 0.258 0.257 0.255 20 14 -- 7 - - - ST

124 0.263 0.258 0.249 19 13 - 7 - - -- ST

(a) ST designates material sent to Super-Temp Corporation for evalvation under Contract NOw-63-0542-c.
S Approximately 11 of the 12 remaining plates were uncommitted to test programs as of May 15, 1964.

TABLE 4. LOG OF 0.100-INCH-THICK PRODUCTION SHEET

Table References fors
Property Evaluations on
Dimensions, inches Fabrica- Finished Sheet Sheet
Plate Thickness Flatness, tion Tensile Disposi-
Nu. Maximum Average Minimum Length Width per cent History Chemistry Prorerty Hardness tion(a)

3 0.102 0.101 0.098 30 19 4.6 8 -~ - -~ SA
4 0.105 0.104 o0.l01 31 19 1.0 8 - - - -—
48 0.103 0.102 0.100 30 19 2.6 8 -- - - SA
49 0.102 0.100 0.09 30 19 2.1 8 -- -- o- SA
51 0.105 0.104 0.102 3l 19 1.5 8 - -- -- SA
: 55 0.102 0.101 0.096 29 19 1.3 8 -- - - SA
¢ 56 0.105 0.102 0.099 32 19 1.0 8 - -- - SA
57 0.105 0.103 0,096 30 19 4.9 8 -- -- -- --
58 0.103 0.102 0.098 32 19 1.0 8 - - - SA
59 0.105 0.104 0.103 3l 19 1.0 8 - - - --
. 60 0.104 0.102 0.100 29 19 1.4 8 - - - -
; 61 0.105 0.105 0.104 31 19 2.3 8 -- - -- SA
64 0.103 0.100 0.098 29 19 1.8 8 ~ - -- SA
: 65 0.104 0.102 0.100 31 19 2.3 8 - - - SA
66 -- -- -- -- -- - 8 12 14,18 20 --
68 - -- -- -- -- - 8 12 14,18 20 --
71 -- - -- -- - - 8 12 14,18 20 --
; 76 0.105 0.103 0.100 30 19 1.0 8 -— - - SA
101 203  0.102 0.100 32 19 2.3 8 - -- .- -
112 0.105 0.102 0,099 3l 19 4.0 8 - -- - SRI
116 0.104 0.103 0.100 28 19 3.4 8 -- - -- --
118 0.103 0.101 0.098 3l 19 4,2 8 -- - -- --
121 0.103 0.102 0.099 33 19 1.8 8 - -- .- -
122 0.103 0.102 €.100 14 19 1.1 8 12 14,18 20 --
123 - -~ - - - - 8 12 14,18 20 --
; 125 0.103 0.099 0.097 34 19 2,3 8 -- - - -
3 126 0.104 0.103 0.101 33 19 2,1 8 - -- - --
127 0.104 0.103 0.101 32 19 1.7 8 - -- - --
128 0.103 0.102 0,101 13 19 2,5 8 12 14,18 20 --
%} (a) SA and SRI designate material sent to the Solar Aircraft Company and to the Southern Research Insti-
H tute for evaluation under Contracts NOw-63-0786-d aud N600(19)-59530, respectively. Approximately
g 12 of the 17 remaining sheets were uncommitted to test programs as of May 15, 1964.
¥
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TABLE 5. LOG OF 0.C60-INCH-THICK PRODUCTION SHEET

Tab'e References fors
Property Evaluations on

Dimensions, inches Fabrica- Finished Sheet Sheet
Plate Thickness Flatness, tion Tensile Bend Disposi-

No. Maxirum Average Minimum Length Width per cent History Chemistry Property Property Hardness tion{a)
1A 0.063 0.061 0.057 a3 21 4.9 9 -- -- -~ .- SA
2A  0.C63 0.061 ©0.0%8 50 21 4.1 9 -- -- -- -- SA
3A  C.062 0.C61 0.099 49 21 6.2 9 - .- -~ -- SA
4A  0.C05 C.C61 C.0%7 48 21 5.4 9 -- - -- -- SA
SA  0.062 0.0% 0.058 30 21 4.2 9 - -- - -- SA
6A  0.058 0.057 0.05 25 19 1.6 9 -- -- -- - SA
7A  C.C62 0.C61 0.059 31 21 2.9 a -- -- .- -- SA
8A -- -- - -- - - 9 -- -- - -- --
9A - -~ -~ -- - - 9 -- -- -- -- .-
10A  0.063 0.061 06.0%9 51 21 3.1 9 -- -- -~ -- SA
11A  0.061 0.059 0.057 51 W9 3.4 9 -- -- - -- SA
124 0.063 0.062 0.060 a9 2} 5.9 9 - -- - - --
1 0.063 0.061 0.058 30 19 4.3 9 12 15,17,18 19 20 -~
2 0.061 0.059 0.057 45 21 7.9 9 -- e -~- - ST
3 0.C62 0.059 0.058 46 2] 2.% 9 -- -- - -- --
4 0.062 0.C60 0.0%8 45 20 7.7 9 - - ~- -- -
5 0.062 0.060 0.8 a7 21 4.8 9 12 15,17,18 19 20 ST
6 0.060 0.059 0.C8 45 21 3.1 9 12 15,17,18 19 20 SRI
7 0.063 0.0°8 0.057 48 21 3.1 9 12 15,17,18 19 20 --
8 0.063 0.060 0.057 48 21 5.1 9 -- -- ~- -- ST
9 0.062 0.059 0.057 47 21 3.7 9 -- -- ~- - ST
10 0.C63 0.C60 C.05 29 21 2.5 9 12 15,17,18 19 20 -
11 0.061 0.058 0.057 45 19 4.5 9 -- -- - -- ST
12 0.C51 0.059 0.058 48 21 3.4 9 -- .- - -- -—-
13 0.061 0.059 0.057 48 13 2.8 9 -- - - -- 33
14 0.061  0.029 C.058 49 19 3.8 9 -- -- .- -- S1
15 0.C62 0.059 ©.057 48 21 2.3 9 - - - - SRI
16 0.063 0.060 0.0%8 48 21 4.9 9 -- -- -- - --
17 0.063 0.C61 0.059 51 21 - 9 -- - - -- SRI
18 0.063 0.059 0.057 43 21 3.4 9 - -- . - -
19 0.C61 0.059 0O.c.0 29 21 2.0 9 12 15,17,18 19 20 --

(3) SA, ST, and SRI designate material sent to the Solar Aircraft Company, the Super-Temp Corporation, and
to the Southern Research Institute for evaluation under Contracts NOw-63-0786-d, NOw-63-0542-¢, and
N6€0(19)-59530, respectively. Approximately S of the remaining 12 sheets were uncommitted to test
programs as of May 15, 1964.

TABLE 6. LOG OF C.C10-INCH AND €.C2(~INCH THICK PRODUCTION SHEET

Table References for:
Property Evaluati is on
= Dirensivns, inches Fabrica- Finished Sheet Sheet
Plate Thickness Flatness, tion Tensile Disposi-
No. Maximum Average Minimun Length Width per cent History Chemistry Property Hardness tionia)

€.C20-Inch-Thick Sheet

1RX 0.021 0.020 0.019 27 14 2.6 10 - -- -- --
2RX 0.022 0.020 0,019 27 14 2.5 10 -- -- -- -
1-2 0.021 0.020 0.019 25 18 4,6 10 .- .- -- SA
2-1 0.021 0.020 0.019 30 18 4.2 10 .- - -- SA
2-2 0.021 0.02C 0.019 30 18 2.8 1¢ -- -- -- SA
3-1 0.021 0.019 0.019 33 13 3.1 10 -- 16 -- .-
3-2 0.021 0.020 0.06i9 33 18 4.7 10 .- .- -- -
4-1 0.021 0.020 0.019 33 18 4.9 10 -- .- .- SA
4-2 0.019 0.019 0.019 33 18 2.8 10 .- .- -- SA
5-1 0.020 0.019 0.019 34 19 2.8 1¢ 12 16 20 --
52 0.021 0.020 0.019 33 18 3.9 10 - - -- --
6-1 0.022 0.020 0.019 32 18 4.0 1C -- -- .- SA
6-2 0.021 C.020¢ 0.019 30 16 3.9 1c -- -~ -- SA
0.010-Inch-Thick Sheet

1 c.cll1  ¢.01¢ 0.0l 26 18 4.7 11 12 16 20 SA

2 0.011 0.010 0©.C09 26 18 2.7 11 .- - “- --

3 0.Cl10 ¢.010  0.C09 25 17 5.0 11 -- -- - .-

4 ¢.010 0©.010 0.009 26 18 5.2 11 - -- - --

5 0.01c ©€.010 0.CC9 36 16 8.8 11 -- - -- SA

6 0.01¢  ©€.0.¢ 0.0C9 25 W3 a,7 il -- - - .-

7 0.011 C.010 0.009 26 18 4.9 11 - - -- SA

8 c.Cll  c¢.01¢c  0.010 26 i8 8.0 11 -- .- -- SA
yl C.01t0 0.01C 0.009 2% i8 4.7 11 .- .- -- SA
10 0.c11 0.01C 0.0C9 26 16 4.1 11 -~ - -- SA
11 -- -- -- -- - - 1 -- -- -~ --
12 0.CC9 (0.CC9 0.CC8 26 17 2.7 11 -- -- .- SA
13 c.0ll1  ©2.010 ¢.010 26 17 4,1 11 -- .- -- SA
14 0.011 0.Cl0 C.CC9 26 17 4,4 n .- - - SA
13 c.010 0.010 cC.CC9 26 17 3.9 11 -- 16 2C SA
16 C.CC9 0.CC9 0.CC8 20 17 4.1 1! -- - -- SA
17 C.Cl0  C.0C9 C.CC9 27 17 6.2 11 - -~ -- SA
18 ¢.Cl1 c¢.0lCc C.CCO 26 17 4.7 11 - -- -- SA

(a) SA designates material sent to the Sclar Alrcraft Company for evaluation under Contract NOw-63-C786-c,
All of the remaining 0.010- and C.C20-inch-thick sheets have been commi*ted to other test programs.




TABLE 7. ROLLING SCHEDULE FOR 0.2050-INCH-THICK PLATE
Ri1l
Pass Settirg, Teap,
No. inch C Cotments
2 a A a
1 0,900 1450-1500 Long rolled
2 0,700 1450-1%00 Cross rolled after Pass 1
3 0,500 14%0-1500
4 0.325 1450-1500
5 0,325 13501400 Flat pass
6 0,300 1350-1400 Cross rolled, stress relieved 10 minutes
at 1200 C, caustic cleaned and acid
etched, inspected, and conditioned
Mi11
Plate Pass Setting, Temp,
No. No. inch C Corments
B. _Finish Rolling
98 1 0.240 1240 Rolling of all plate was in same
2 0,300 1240 direction as last pass in
99 1 0.238 125% intermediate rolling
2 0.300 1250
3 0.0 12%
104 1 .23 1290
2 0.310 1260
107 1 0.230 1290
2  0.310 1290
3  0.298 1260
113 1 0.220 1300
2 0,300 1260
3 0.285 1260
2117 1 0.230 1250
2 0.297 1240
3 0.297 1240
4 0.297 i240
7, 100, 102, 1 0.220 1300
103, 105, 106, 2 0,285 1250  All plates finished with stress
108, 1C9, 110, 1260 relief of 10 minutes at 1050 C,
111, 114, 115, caustic cleaned, and acid
119, 120, 124 etched
TABLE 9. ROLLING SCHEDULE FOR 0,060-INCH-THICK SHEET
Nominal
Pass Thickness, Texp,
No. inch [ Comments
A, Breakdown a n ate Ro All Ma a
1 0.800 1450 Long rolied
2 0,625 1400 Cross rolled after Pass 2
3 0,500 1400
4 0,400 1400 Stress relieved 5 minu.es at 1300 C/1350C
5 0.325 1350
6 0.270 1300 Cross rolled after Pass 6
7 0.215 1300
8 0.175 1300 Stress relleved 5 minutes at 1250 C/1300 €,
caustic cleaned and acid etched, in-
spected and conditioned
Nominal
Sheet Pass Thickness, Temp,
No. No. inch [+ Comments
B. Finish Rollinq
1A=124, 1 0.138 1250  Rolling of all sheet was in same
incl., 2 0,111 1200 direction as last pass in inter-
pll(s 3 0.049 1200 mediate rolling
19(a) 4 0.071 1150
] 0.004 11%0
1-18,
incl, 1 0.138 12%0
2 0.111 1200
3 0.090 1200
4 0,075 10%0

Sheets 1-18 were then puired into 2-sheet packs and pack-rolled at 10%0 C
—as_followss

(2)

Shoet
Pack Sheet No. of Thickness,

No. Nos. Passes inch Comments
1 1, 2 2 0.069, 0.067 Rolling was continued {n same
2 3, 4 3 0.068, 0.065 direction as in last
3 5, 6 3 0.066, 0.066 previous paso
4 1,8 2(b) 0,065, 0.067
5 9,10 1{b) 0,065, 0.065
[ 11, 12 2 0,068, 0,069
7 13,14 1(b) 0,065, 0.068
8 1516 3 0,062, 0.063
9 17,18 3(b} 0,065, 0,063

All firdished sheets were stress relieved 5 minutes at 1150 C, caustic
cleaned, and acid etched.

(a) Sheet 19 was single rolled from 0.090-inch to 0.064~inch in eight
passes, reheating to 10%0 C before each pass,

(b) Individual sheets also given 1 to 5 flat passes ifter pack rolling.
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TABLE 8. ROLLING SCHEDULE FOR O.100-INCH-THICK SHEET
Mill
Sheet Pass Setting, Teep,
No. No. inch [+ Corxcents
A, _Breakdown and Intermedjate Rolling
101, 112, 1 0.900 1475 Long rolled
116, 118, 2 0,700 1475 Cross rolled after Pass 2
121, 122, 3 0,500 1475
123, 125, 4 0,300 1475
126, 127, 5 0,215 1375
128 6 0,215 1375 Cross rolled after Pass 6
7 0,150 1375
8 0.140 1375 Stress relieved 10 minutes at 1175 G
caustic cleaned and aclid etched,
tnspected and condftioned
3, 4, 48, 1 0.900 1450 Long rolled
49, 51, 55, 2 0,750 1400 Cross rolled after Pass 2
%6, 57, 3 0.600 1400
%8, 99, 4 0,490 1400
60, 61, 5 0,400 1400
64, 65, 6 0,330 1400  Cross rolled after Pass 6
66, 68, 7 0.270 13%0
71, 76 8 0,235 13%0 Stress relieved 5 minutes at 11%0 G
caustic c¢leaned and acid etched,
inspected and conditioned
Mil} Shect
Sheet Pass Setting, Thickness, Temp,
No. No. inch inch C Corxaents
B, Finish Rolling
3 1 0,100 0.175 1300 Rolling of all sheet
2 0,075 0.145 1270 was in same direc-
3 0.050 0.123 1120 tion as last pass
4, 49, 64 1 0,100 0.180 1330 in internediate
2 0.075 0,155 1300 rolling
3 0,050 0,125 1280
48, %6, 1 0.100 0,187 13
57, 58 2 0,075 0.157 1270
3 0.050 0.135 1250
4 0,050 0.120 1215
Mil Sheet
Sheet Pass Setting, Thickness, Temp,
Ho. No. inch inch C Comments
51, 76 1 0,100 0,187 1310
2 2,078 0.157 1230
3 0,050 0.13% 1250
4 0,050 0.120 1200
55 1 0.100 0.167 1340
2 0.07% 0.155 1280
3 0,040 0.138 1150
4 0,040 0.120 11%0
59, 60 1 0,100 0.180 1315
2 0,075 0.1% 1300
3 0,0% 0.125 1260
61, 65 1 0,100 0.185 13%
2 0,075 0,155 1310
3 0.050 0.13% 1150
4 0,05 0.127 1130
66 1 0,100 0.175 1300
2 0,075 0.14% 1290
3 0,05 0.125 i2y
66(2) 1 0.100 - 1335
2 0,075 0.140 1070
3 0.05%0 0.120 1070
nfa) 1 0.100 0.179 1300
2 0,075 0.1% 1070
3 0,0%0 0.121 1040 All sheet finished with

stress relief of 10
minutes at 1150 C,

caustic c,eaned and
acid etched,

(a) Sheets 68 and 71 cracked during rolling and were finished In two
sectiors each,




TABLE 10. ROLLING OF 0,020--INCH-THICK SHEET
i1l
Pass Setting, Teep,
No. inch C Cotments
As_Breakdown Rolling ‘A” E&gﬂa“
1 0,900 1475 .ong rolled
2 0.700 1475 Cross rolled after Pass 2
3 0,500 1475
4 0.300 1475
5 0.21% 1375
6 0.215 1375 Cross rolled after Pass 6
1 0.1% 1375
8 0.140 1375 Stress relieved 5 minutes at 11%0 C, caustic

cleaned and acid etched, inspected, and
conditioned, Plate size nominally 0,23
Inch x 10 inch x 16 inch

medfate Ro A terja

All plates were broad-rolled to 38-inch~long material of nominally 0,05
inch thickness, at progressively decreasing temperatures in the interval
of 13% C to 1150 C. Each sheet was stross relieved 10 minutes at 1050
C, then cut into equal pieces and matched to make up packs containing
three to four sheets each.

Number
Pack Sheet of Teap, {2)
No. Nunbers Passes [ Cozments
nish Ro
1 3-1, 3-2, All packs cross~rolled, relative to
S=1, last pass in intermediate rolling
52
2 4-1, 4-2, Same procedure as for Pack 1
61,
62
3 1-2, 2-1,
2-2

5888588558558388 5858838 s8s8888)

All finished sheets were stress
relieved 5 minutes at 1000 C,
caustic cleaned and acid etched.

(a) Each pack reheated after each two passes.

TABLE 12, CHEMICAL ANALYSES OF SHEET
Sheet
Thickness, Sheet Impurity Content, ppm
inch No. 02 N2 [ Mo Fe Si
0,010 1 40 60 10 20 20 -—
0,020 51 20 30 10 30 50 -
0,060 1 20-10 6040 <1010 30-30  80-50 30-<10
) 20-20  %0-50 <1010 70=70  S0-50 10-10
6 0 0% 1010 50-30  50-100 10-10
7 40-20  50-50 <1010 70-80  90-50 10-10
10 0-10  40-20 10<10 30-30  30-50 10-10
19 1030 %0-% <1010 50-40  10-10 10~<10
Average 24 47 8 48 11
95X prob, limits 0/51 25/69  6/1C 5/91 0/103 0/14
0,100 66 20-20  0-50 <1010 50-30  X0-50 10-10
68 90-60 5040 20-10  50-40  20-10 10-10
n 50-30  30-60 1010  30-100 20-50 10-10
122 60-20  50-40  <10-<10 30-0  10-50 10-<10
123 =30  50-50 20-10 2030 50-% <10<10
128 3040  50-40 10-10  50-30  50-50 <1010
Average 4] 45 11 41 38 9
95X prob. limits 0/87 25/6% 2/21 0/87 o/t 7/11

0.2% 110 r) 30 40 60 %0 <10

7=

TABLE 11. ROLLING OF 0,010-INCH-THICX SHEET
ME1l
Pass Setting, Texp,
Noo inch [ Coements
As Breakdown Rolling (A1X Material)
1 0.900 1475 Long rolled
2 0.700 1475 Cross rolled after Pass 2
3 0,500 1475
4 0,300 1475
5 0.215 1375
6 0,215 1375 Cross rolled after Pass 6
7 0.150 1375
8 0.140 1375 Stress relieved 5 minutes at 1150 C,

caustic cleaned ard acid etched,
ingpected, and conditioned

diate Rolling (A a

All plates were broad-rolled from a nominal thickness of 0.230-inch to
0.050-inch at progressively decrsasing temperatures in the interval of
1350 C to 1150 C. Each sheet was stress relieved 10 minutes at 1050 C,
then cut into equal pieces and matched to make up packs containing three
to four sheets each. These packs were then rolled, at progressively
decreasing temperatures in the interval of 900 C to 350 C, reheating each
pack after each two passes. The procedure used was similar to that
described for 0.020-inch sheet in Table 10. Rolling on each pack was
continued until each sheet reached a nominal thickness of 0.025-inch,

All sheets were stress relieved 5 minutes at 1000 C, caustic cleaned, and
acid etched.

Two packs, consisting of ten and nine sheets, respectively, were assembled
and rolled to finished thickness as follows:

Pack 1,
o Sheets 1-10, fnclusive
No, of Passes Mill Setting, inch

Pack 2,
Sheets 11-19, inclusive
No, of Passes  Mill Setting, inch

Co_Einish Rolling

2 0.225 3 0,200
3 0.185 3 0,165
3 0,150 3 0.150
2 0,125 3 0,150
2 0.125 3 0.125
2 0.105 3 0.125
2 0,105 2 0.100
3 0.090 2 0.085
3 0,980 2 0.07¢
2 0.070 2 0,060
3 0.070 2 0.060
3 0.060 2 0,050
3 0,055 2 0.050
2 0.059 2 0,040
1 0.045 2 0.040
3 0.050 2 0.035

3 0,035

2 0.035

Each pack was reheated to 950 C to 1000 C prior to the initlal rolling pass.
Reheating to the same temperature range was done prior tn each change
in mill setting.

All finished sheets were stress relieved 5 minutes at 1000 C, caustic
cleaned, and ac!d etched.

TABLE 13. TENSILE PROPERTIES OF 0.250-INCH-THICK
PLATE NO. 110
Ultimate
Test Tensile Yield
Temp, Test Strength, Strength, Elongation,
F Direction ksi ksi % in 1 inch
1800 Long. 60 55 9
Trans, 58 53 10
450 - - -
2000 Long. 56 52 8
Trans. 59 57 10
450 59 56 10
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TABLE 14. TENSILE PROPERTIES OF 0.100-INCH-THICK SHEET
Test  Transverse Test Direction Longitudinal Test Direction
Sheet Temp, UTS, YS, Elongation RA, UTS, YS, Elongation RA,
No. F kst ksi Xinlin, X ksi ksi Xinlin. ¥
66 1000 80 75 12 0 79 73 10 17
T2 n 4 1 7 n 13 51
86 79 9 45 -- - - .-
80 74 4 ) I -- -- -~
68 1000 91 75 7 1 9 84 9 44
88 79 3 1 92 8% 10 57
9l 78 9 72 .- - -- -
85 72 9 3 .- .- -- -
2000 73 62 9 74 - -- -- --
74 60 10 64 == - .- -
65 55 9 65 == -- -- --
64 54 9 87 .- .- .- -
n 1000 83 70 10 88 85 k73 7 8
83 70 9 87 83 74 7 4%
2000 75 56 9 75 - -- - -
76 57 10 3 - - -- -
122 1000 92 68 9 51 92 n 8 53
89 66 9 54 90 71 9 49
80 63 10 89 -- - .- -
80 63 10 79 -- -~ -- -
2000 72 59 12 57 == -- .- -
74 58 12 74 .- - - --
72 63 12 9 -- - .- -
71 62 13 85 -~ - -- -
123 1000 86 n 10 78 91 76 10 55
86 70 11 75 90 76 10 40
90 77 10 53 -- - - --
91 7 10 48 - - -- -
2000 72 57 9 73 -- -- .- -
71 %8 9 73 - - -- -
72 58 8 60 - - .- -
% 58 8 7% -- -- -- --
128 1000 87 74 10 5 87 74 10 48
87 74 10 52 87 74 10 55
89 70 9 39 -- -- -~ --
88 70 10 42 - - - --
2000 69 52 10 8l ~- - -- -
69 51 10 75 .- -- -- -
KE] 62 14 3 - - .- -
7 59 13 69 -~ - - --
TABLE 16. TENSILE PROPERTIES OF 0.O1C-INCH AND 0.020-INCH-THICK SHEET
Test Transverse Test Direction Longitudinal Test Direction
Sheet  Temp, UTS, YS, Elongation, UTS, YS, Elongation,
No. F ksi ksi % in 1l inch ksi ksi % in 1 inch
0.010-Inch Sheet
1 1000 144 -- 4 130 101 4
134 105 4 -- - -
2000 79 49 7 -- - -
15 1000 137 117 4 129 97 -
2000 73 64 7 - .- -
86 73 6 -- -- .-
0.020-Irch Sheet
3-1 1000 126 114 4 - -- .-
2000 83 69 9 -- - -
86 71 9 an - -
5-1 i 122 109 5 .- .- -
13% 117 5 -~ .- -
2000 85 77 6 -- - --
83 66 8 .- - -

TABLE 15. TENSILE PROPERTIES OF 0.060-INCH-THICK SHEE]
Test Transverse Test Direction Longitudinal Test Direction

Sheet Temp, UTS, YS, Elongation RA, UIS, ¥S, Elongation RA,
No. F ksi ksi Xinlin. X ksi ksi Xinlin., X
1 1000 94 86 8 65 88 81 8 55
95 87 6 47 88 78 8 52
9 84 8 47 ew - - -
95 89 10 50 - - - -
2000 72 60 9 46 - e- - -
74 6l 9 54 e  e- - -
76 56 8 67 == == - -
7% 5% 9 0 - - - -
5 1000 101 88 7 3% 91 91 8 sl
100 86 7 45 91 91 7 43
97 89 8 38 - - - -
94 88 8 54 e - - -
20600 73 63 10 7 S - -
77 66 10 60 - - - -
7 60 8 54 - - - -
85 73 8 0 - - - -
6 1005 93 74 8 31 84 73 7 52
9 81 5 49 8 70 6 57
98 8% 7 <1 T, - -
98 85 7 82 .. . - -
2000 72 66 9 47 - - - -
e 1 10 61 -- - - -
76 62 10 64 - - - -
7 1000 94 83 7 53 88 68 8 51
93 83 7 43 88 68 8 52
94 gs 9 49 - - - -
9 84 9 27 - - - -
2000 77 68 8 67 - - - -
75 57 8 7% - - - -
73 83 10 69 - - - -
10 1000 96 89 9 55 93 88 9 59
93 75 9 5% 96 88 7 62
100 88 8 46 - - - -
106 88 9 48 -  -- - -
2000 & 59 7 58 - - - -
77 55 9 47 - - - -
80 63 11 49 - - - -
80 62 11 47 —- - - -
19 1000 90 85 9 49 88 82 8 43
89 83 9 49 87 8 56
98 92 9 5 -  -- - -
99 92 8 54 -- - .- -
2000 70 60 9 62 -  -- - -
74 62 9 49 - - - -
77 66 10 7 J - -
8t 68 10 85 --= - - -
TABLE 17. 1000 F NOTCHED TENSILE STRENGTH
Sheet Notched
Thickness, Sheet Test Strength,
inch No. Direction ksi
0.060 1 Trans. 105
Long. 107
5 Trans. 97
Long. 101
6 Trans. 105
Long. 101
10 Trans. 113
Long. 103
19 Trans. 94
0.100 68 Trans. 40
Long. 92
71 Long. 86
122 Trans. 92
Long. 103
123 Trans. 107
Long. 78
128 Trans. 75

Long. 97

1ty

-




TABLE 18. PROBABILITY LIMITS OF TENSILE PROPERTY DATA
. Shee*
p Thick Test  Test (=) o8
ness, Teap, Direct- UTS, YS, Elongation UTS, Y¥S, Elongation
inch F tion  ksi ksi X in) in, ksi kst Xinl in,
0.060 1000 Trans. 89/102 76/95 6/11  90/101 78/93 6/10
Long.  76/105% 61/99 6/10  79/103 64/95 6/s
2000 Trans. 62/93 51/73 7/12 65/90 53/71 /11
0.100 1000 Trans. 75/96 63/82 3/14 - - -
Long.  77/98 65/85 6/13 - - -
2000 Trans. 65/79 51/5% 6/14 — -— -—
TABLE 19, BEND DUCTILITY OF 0.060-
. INCH-THICK SHEET
i Bend Transﬁ:zosn
Sheet Temperature, a
Noa
1 725
650
5 410
555
6 775
730
7 460
660
10 400
y <350
19 460
<360

(a) Values given represent 4T transition
temperatures determined on samples cut
from opposite ends of each sheet in the
stress relieved-condition.

TABLE 20. HARDNESS VERSUS ANNTALING TEMPERATURE
Sheet 2 13 ad
Thickness, Sheet Stress 3
inch ¥o. Relleved 1000C 1100C 1200 C 1300 C_ 1400 C
0.010 1 as6(a) - arsla)  arola)  ar7{a)
15 so1(a) - ag1(a) anfa) as2(d) —
0.020 51 s517(a) - 494(2)  ag2(a)  ass(a)
0.060 1 43 469 468 463 a5t %7
5 485 475 481 462 431 n
6 4 471 464 465 455 370
7 45 471 458 463 4% %8
10 418 468 412 470 460 318
19 472 486 467 464 445 376
0.100 66 431 455 450 449 370 328
68 467 467 460 448 24 359
7N as 469 448 447 37 358
122 463 457 458 457 418 362
123 462 452 459 442 332 358
128 a8 454 457 451 a4 366
0.250 9 a0 - - - - -
103 449 — - - - -
10 443 440 440 436 440 369

(a) %00g.
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